We report on the experimental study of an anomalous transmission effect in ultrathin metallic gratings, where the metal thickness is much thinner than the skin depth. In particular, incident transverse magnetic polarized waves are reflected while incident transverse electric polarized waves are transmitted. This anomalous effect is strongly dependent on the metal thickness and metal width. We systematically investigate and demonstrate the anomalous effect and find the optimized nanostrip thickness and width by introducing a shadow-mask fabrication approach. Our results demonstrate the possibility of developing ultrathin nanostrip based planar metasurfaces with low loss. Metallic subwavelength gratings, such as wire-grid polarizers, have been commonly used for control of the polarization state of optical fields. These structures transmit electromagnetic waves with an electric field vector perpendicular to the grating wires (transverse magnetic, TM) and reflect light with an electric field component parallel the grating wires (transverse electric, TE) [1] . The TE polarized waves induce the movement of electrons (i.e., current) along the wires and, consequently, are reflected similar to that from a planar metal surface, except for a small amount of absorption (A). For TM waves, movement of electrons is restricted to the width of the wires; therefore, little energy is reflected and most of the incident wave is transmitted. For wire-grid polarizers, the metal thickness typically ranges from 100 nm to 200 nm and the grating period is subwavelength. Recently, an anomalous effect in metallic subwavelength gratings, where TM polarized waves are reflected and TE polarized waves are transmitted, was reported for metal thickness smaller than the skin depth [2, 3] . This phenomenon had generally been attributed to short range as well as localized surface plasmons, where the collective resonant plasmon results in quenched transmission (T) for periodically spaced nanostrips [3] [4] [5] . However, the fundamental origin of this phenomenon is still not evident. While the proposed metallic nanostrip resonators rely on the width and thickness, only the effect of the width has been investigated in terms of quenched T [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
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In this Letter, by combining the effect of nanostrip resonators and the interference between the incoming and scattering optical fields, we demonstrate anomalous T dependence on metallic grating thickness, where the thickness of metal grating is on the order of or smaller than the skin depth of the metal. A shadow-mask fabrication approach is employed to deposit a metal layer with gradient thickness on a gradient TiO 2 adhesion layer on a single substrate. We find experimentally and theoretically grating thicknesses and widths that exhibit an anomalous TM reflection (R), an effect not observed in the past. The optimum grating thickness is parameterized by the nanostrip width, incident wavelength, and refractive indices of the surrounding dielectrics. Our analysis and experimental validations show that by tuning the metal thickness and width a considerable T contrast between TE and TM waves can be achieved. Figure 1 (a) shows the calculated effect of the metal nanograting thickness on T, (R), and (A) regarding to the incident TM polarized and TE polarized waves, respectively. For simplicity, in our simulation in Fig. 1(a) , an infrared electromagnetic wave centered at λ 1550 nm is incident on a gold grating surrounded by air. The grating is characterized by a period of Λ 750 nm and a metal width of 375 nm. We use the complex refractive index n 0.52406 − j10.742 for Au at λ 1550 nm obtained from Ref. [17] . Calculations are performed by means of the finite element method (FEM) (COMSOL Multiphysics). It can be observed from Fig. 1(a) that the TE transmittance (T TE ) behaves similarly to that of a continuous metal film. As the thickness is increased from 2 to 20 nm, the T for the TE wave (T TE ) does not undergo a significant change, decreasing from 0.96 to 0.80. In contrast, the TM wave T (T TM ) dramatically decreases from 0.82 to 0.10 for a grating thickness range of 2 to 4 nm. T TM increases to 70% when the thickness reaches 8 nm. At a 20 nm grating thickness, the TM transmittance is equal to that of the TE. T TM shows an anomalous suppression at around the 4 nm metal thickness. The incident TM waves show strong R and resonant A despite the extreme thinness of the metallic grating.
This anomalous effect also strongly depends on the nanostrip width initially proposed by others [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and the properties of the surrounding dielectric. As shown in Fig. 1(b) , when the width of the nanostrip increases from 250 to 375 nm on the same SiO 2 substrate (n s 1.51), the optimal strip thickness corresponding to the minimal TMT shifts from 4 to 7 nm and the anomalous thickness variation, defined as the difference of thicknesses where the T drops to half, increases from 2 to 4 nm. Figure 1 (b) also reveals the dependence of minimal T on the metal thickness and its thickness variation on the environmental parameters. When the substrate refractive index is increased from 1.51 (SiO 2 ) to 2.5 (TiO 2 ) for the 250 nm wide nanostrip arrays, the T minima shifts from a 4 nm metal thickness to 12 nm and the anomalous thickness variation increases from 4 to 10 nm.
In order to understand the mechanism behind the anomalous ultrathin metal grating T effect, near-field electromagnetic fields were calculated as shown in Fig. 2 . A TM wave illuminates the grating at a normal incidence (electric field linearly polarized along x, propagating towards −y). The normalized power, calculated by integrating the time-averaged density of power flow, is depicted by the black arrows in Fig. 2(b) for nanostrip thickness at 4, 7, 15, and 20 nm (w 375 nm, n s 1.51); the corresponding T spectra can be evaluated from Fig. 1(b) . As predicted, the T minimum occurs at the 7 nm metal thickness. The corresponding electric field distributions at selected thicknesses, as shown in Fig. 2(a) , exhibit typical dipole resonant moments. Suppressed T results from the excitation of the dipole resonance as previously suggested [4, 5] . If the phase of the incident magnetic field (H 0 ) is set to zero at the nanostrip center for resonant thickness, the phase of the displacement current density J x in the strip also reaches zero. This phase matching contributes towards forward propagating energy suppression. Note that the induced magnetic field (or scattered field, labeled H sc ) generated by J x near the nanostrip, has an anti-symmetric distribution about the y axis near the nanostrip surface [see Fig. 2(b) ]. Consequently, the scattered field (H sc ) behind the strip is in anti-phase with J x and H 0 , which leads to destructive interference in the forward direction and suppresses the forward propagating energy. The resultant total field is the addition of the incident and scattered fields by taking into consideration of the phases of the fields. The backward scattered field interferes with the incident field, forming a standing wave pattern as previously suggested [6] .
The fabrication of a continuous metallic film with a thickness of a few nanometers using typical deposition tools is challenging, which explains the lack of experimental characterization in past literature. For severely thin Au films on the Si (or SiO 2 ) substrate, the deposition cluster size of the metal decreases and, thus, the effective dielectric function of the thin Au deviates from the bulk characteristics [18] . In order to investigate the practical potential of the anomalous T effect, we developed a shadow-mask approach to fabricate a continuous Au film with gradient thickness down to 4 nm. A shadow-mask was placed 5 mm above a Si wafer shading half the wafer in the sputter system (Denton Discovery 18). A 30 nm TiO 2 adhesion layer followed by an Au layer sputtered with deposition parameters equivalent to 50 nm of Au without a shadow-mask served to define a gradient Au∕TiO 2 film with estimated thickness of 4/1 nm to 30/18 nm in an area of 3000 μm × 3000 μm. Electron beam (e-beam) lithography using PMMA-90 nm resist and dry etch processing defined the features of the gratings. Dry etch of the Au layer was conducted in an Oxford Plasmalab 80 RIE with an Ar gas flow rate of 40 sccm, a chamber pressure of 20 mTorr, and 200 W power. The sample was dipped in a Remover PG bath for one hour at 70°C in order to remove the residual e-beam resist. The final device is imaged under a scanning electron microscope (SEM, Philips XL30 ESEM), shown in Fig. 3(a) , with the Au layer gradient visible along the vertical direction. The fabricated area is composed of twelve 30 μm × 100 μm grating patterns, where each pattern corresponds to a different metal nanostrip width ranging from 150 to 250 nm with a 10 nm interval between them. The Au thickness varies from 30 to 4 nm as confirmed by an atomic force microscope (NanoScope Quadrex, Digital Instruments Veeco). The estimated thickness variation in the same grating pattern (30 μm × 100 μm) is about 0.8 nm, which will not have any significant effect to our measurements. In our measurement setup, a linearly polarized beam centered at 1500 nm from a tunable laser source (M SQUARED Firefly-IR laser, signal tuning range from 1485 nm to 1970 nm) interrogated the nanograting sample. The transmitted beam was imaged onto a charge-coupled device (CCD) camera (XEVA-CL-320, 320 × 256 pixels with a 30 μm pixel pitch), while the reflected beam was imaged onto a side-positioned CCD camera (XEVA-CL-320) by a beam splitter as depicted in Fig. 3(b) . Measurement results are shown in Fig. 4 , where the efficiency of T TM (R TM , A TM ) is characterized considering substrate effects by calculating the ratio T TM (R TM , A TM ) on the nanostrip sample versus T TM (R TM , A TM ) on the Si-wafer, (T TM on sample∕T TM on Si-wafer). TM T efficiencies were measured for Au gratings on silicon where the nanostrip widths were 180, 200, and 220 nm with a filling factor of 0.5. The Au thickness varied from 30 to 4 nm and the TiO 2 adhesion layer varied from 18 to 2 nm, respectively. R was measured for a grating area with a nanostrip width of 180 nm. From Fig. 4(a) it can be observed that when the nanostrip width is 180 nm, T TE increases from 0.74 to 0.97 as the metal thickness varies from 25 to 4 nm, while the T for the TE wave (T TE ) does not undergo a significant change. In contrast, T TM decreases from 0.74 to 0.27 as the metal thickness varies from 25 to 12 nm. A further decrease of the metal layer thickness to 4 nm causes T TM to increase again to 0.9. R TM increases from 0.06 to 0.63 and A TM increases from 0.03 to 0.1 in the range of 25 to 12 nm grating thicknesses, respectively. As the thickness is further decreased to 4 nm, R TM decreases to 0.09. The anomalous thickness variation, defined as the difference of the grating thickness where the T drops by 1/2, is 6 nm for both T TM and R TM . A change in the strip widths causes the efficiency curves to shift. T minima accompanying metal thicknesses of 12, 14, and 17 nm appear for strip widths of 180, 200, and 220, respectively, while the thickness variations are 6, 9, and 15 nm. We recalculate the efficiency-thickness relationship to factor in the Si-wafer substrate (different from those shown in Fig. 1(b) with the TiO 2 layer as an adhesion layer). Figure 4(b) shows the simulation results of an ultrathin metal grating on the Si-substrate with parameters matching those of our measured samples. The T TM minima are positioned at 13, 15, and 17 nm of Au thicknesses for metal widths of 180, 200, and 220. Our simulation results match well with our experimentally measured values shown in Fig. 4(a) , with a slight difference in the percent efficiency; possibly owing to the accuracy of the metal refractive indices adapted in the simulations, the roughness of the metal film, and the rounded etched corners of the nanostrip as confirmed by COMSOL simulations. The maximum of R for the TM field occurring for the 13 nm metal thickness with a 180 nm wide nanograting matches well with our experiment, but the efficiency is considerably higher (0.90 versus 0.63). The calculated thickness variations show wider than the measured values for all of the nanostrip widths.
Both experimental and calculated results indicate dependence of the anomalous phenomena on both the nanostrip width and the metal thickness. The anomalous effect reveals a resonant phenomenon of the nanostrip in three dimensions. It is evident that the resonant condition will depend on the wavelength of the incident TM wave. In Fig. 5 , a 200 nm wide Au grating exhibits a measured T TM minima at 14 (blue dots), 12 (red dots), and 10 nm (green dots) for incident wavelengths of 1550, 1650, and 1750, respectively. The corresponding calculated minima are for 15 (blue line), 12 (red line), and 11 nm (green line) grating thicknesses. We observe that the resonant thickness of the metal strip decreases with the wavelength of the incident radiation. A discrepancy between the experimental results and the calculated values may be attributed to the fabricated metal and adhesion layer thickness variation (total thickness variation in one pattern is about 0.8 nm) and the refractive index difference of the ultrathin nanostrip from the bulk Au. Other effects such as scattering, fabrication, and measurement errors may also contribute to this disagreement.
In conclusion, we have demonstrated anomalous T TM phenomena in ultrathin metallic gratings, where the metal thickness is much thinner than the skin depth of the metal layer. The anomalous T strongly depends on the metal width, thickness, and refractive indices of the surrounding dielectrics. By introducing a gradient thickness approach, the combined effect of thickness and width is experimentally investigated and shown to match well with theoretical analysis. The anomalous T can be explained as the coherent interference between direct T and resonant scattering from the nanogratings. The main advantage of our ultrathin metal gratings lie in the insertion loss reduction by utilizing the ultrathin metallic film fabrication. This advantage makes our structure readily suitable for a variety of applications including high efficiency metasurfaces, polarization steering, and polarization dependent spectral filter applications. Other potential applications involve phase coding nanosurfaces with spatially variable patch designs and computer generated holography to achieve high efficiency metallic nanosurfaces. 
